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FIELD WEAKENING CONTROL FOR INDUCTION MOTORS
BASED ON COPPER AND IRON LOSSES MINIMIZATION

Abstract. This paper is concerned with the analysis of losses in induction motors. The most significant have been chose for
minimization. These are in particular the losses in the windings and in the magnetic circuit due to eddy currents and hysteresis.
Equations for the rotor flux linkage and orthogonal components of the stator current in the rotor reference frame dq in the induction
motor’s vector control system based on the condition of minimizing the total losses in copper and motor steel in the steady state.
Here, effects of steel saturation are not taken into account. The limit values of the torque and speed are determined, where the rotor
flux linkage control can improve the energy characteristics of the drive outside the magnetic saturation. It is shown that the main
difficulty in implementing energy-optimal control is that the rotor flux linkage operates not only energy parameters, but also speed
regulation in the field-weakening region. A block diagram of the implementation of energy-optimal control with field weakening
mode is proposed. The idea is to switch the control algorithms of the magnetic field of the motor in such a way that in the start-brake
modes the rotor flux linkage changes in the speed reference function, and when operating at a steady speed, in the function of the
torque. A comparative analysis for a typical and developed drive systems in field-weakening mode by the simulation is carried out. It
is shown that with the same transients of the torque and speed in a typical system, the efficiency in steady-state decreases with a de-
crease of torque load torque, whereas the proposed system it remains unchanged. The change in efficiency in dynamic conditions
occurs when the rotor flux linkage changes. With energy-optimal control, there is a slight increase in the stator current peaks when
the torque load changes abruptly, but at low torque load an additional field-weakening leads to a decrease in the stator voltage,
which carry on a decrease in electricity consumption.

Keywords: electric drive; induction motor; speed regulation; field weakening; rotor flux; optimal control; loss minimization;
energy efficiency

Introduction. At present, more than 60 % of
the generated electricity is being consumed by
electric drives, a significant part of which belongs to
induction motors (IM). The reasons for the wide
spread of IM are the low cost of maintenance,
reliability and low cost in comparison with other
motors, as well as extensive operational experience
in various fields of application. The advantages
include the lack of a collector, which is present in
the DC motor.

Currently, the reduction of energy losses in the
electric drive at the design stage has reached its
peak. High-quality design of the electric machine
allows even at the manufacturing stage to perform
an electric motor with high efficiency when it is
operating in modes close to the nominal.

It is known that the maximum efficiency of IM
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at the rated speed and at nominal flux of the rotor
occurs when it operated with a torque load torque
that is from 70 % to 100 % of nominal. At low
torque load, motor efficiency is significantly
reduced.

Improving the energy efficiency of the drive
during its operation with low torque load can be
achieved by improving control systems.

The most interesting for research in terms of
energy efficiency is a vector-driven induction motor.
The efficiency n is defined as:

PITI
n= B -100% , 1)

where: cos ¢ — the power factor; ¢ — the electric

angle between the voltage vector and the current
vector; P — the mechanical power on the motor

m
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shaft; P, —the electric power.

Electric power exceeds mechanical power by
the amount of total losses in the electric drive
system:

AP, =P, —P, =AP_, + AP, +AP,, + AP, ..

where: AR, — the losses in the stator and rotor
windings, or the losses in copper; APg, — the losses

in the magnetic circuit or iron losses (core losses);

AP,,, — rectifier and DC link inverter losses; AP, e

— mechanic losses, due to the presence of dry and
viscous friction.

The main types of losses in the induction
motors are illustrated in Fig. 1.

The most significant of these types of energy
losses are the losses in the stator and rotor windings,
which usually range from 55 % to 60 % of the total
losses. The energy of these losses is spent on heating
the windings, which occurs when current flows
through the conductors of the stator and rotor:

AP, =3(RIZ+R1%) = g (RiZ+R.i?),

@)

I, =i /N2, 1 =il2,
where: I, 1, —the current values of stator and rotor
currents (rms-value); ig,i, — the amplitude values of

currents (peak-value); Ry,R, — active resistance of

the stator and rotor windings.

Losses in core are spent on heating the
magnetic circuit. They consist of eddy current losses
and losses because of magnetization reversal of the
core material due to hysteresis:

Power Loss in

Stator Power Loss

3
PFe = E(kecmswzm + khwe\vfn ) y (4)

where: o, - the rotation speed of the rotor flux
vector w,; v, — magnetization flux; k. k, —

eddy current- and hysteresis  coefficients,
respectively.

Losses in core are not caused by torque load
and are produced by 20-25 % of the total losses.
Losses in the converter consist of losses occurring
when switching the power switches of the inverter,
losses in copper of inductors and filters in the DC
link, as well as losses from the presence of higher
harmonics. The efficiency of modern frequency
converters is 95-99 %, i.e. significantly higher than
IM efficiency. It follows that the losses to the
converters are much smaller than the losses in the
IM, and in solving the problems of energy-optimal
control they can be neglected.

Losses on mechanical transmission, i.e. losses
in the transmission, do not depend on the drive
control strategy and, as shown in, they are
insignificant. To reduce mechanical losses, worm
gears should be avoided. The best solution is to use
couplings.

Mechanical losses from dry friction are spent
on heating bearings, wheels and kinematic gears.
Losses from viscous friction occur during air
circulation in the drive and due to resistance to wind
or liquid from vehicles and turbo-mechanisms
(pumps, fans, wind generators). Mechanical losses
make up (8-12) % of the total losses in the electric
drive system and cannot be reduced by improving
automatic control systems.

Therefore, they can also not be taken into
account, but focus on reducing losses in copper and
core.

Power losses due to

Frequency (in winding and friction and
- Converter core) Power losses in the ventilation losses
Power loss inthe ~ “ONVerte /||\ rotor (in winding ~

- - /\
electry\al line || and core)

| i

o | | Output powel

- i
i Output mechanical

Input power powver

Fig. 1. Energy losses in the electric drive
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Literature review. There are different ways to
increase the energy efficiency of electromechanical
facilities by means of an electric drive. An incredible
number of primary sources are devoted to the
discussion of this problem. For an example, you can
read the analytical review [1] and the references
therein.

Among the known solutions, there are systems
synthesized from the conditions of minimizing
various types of losses in the motor and converter
[2-4], as well as systems for maximizing efficiency
[3-5] and power factor [6-8]. Among them are
methods based on loss models [9], methods using
pre-computed lookup tables [10], online search
methods [11-13]. The simplest and most popular
optimal control methods are those loss model-based
controls (LMC).

Loss Model Control is related to the strategies
based on formulas of various types of losses or some
combination of them. Knowing these formulas, it is
possible to synthesize a control law that minimizes
losses. For IM, loss reduction is provided by
controlling the magnitude of the rotor flux or the
ratio of the orthogonal components of the stator
current in a coordinate system oriented along the
rotor flux vector. The controller in accordance with
this algorithm generates a reference for the drive to
work at the point of minimum loss. Such systems
have high speed because the law of optimal control
is formed according to well-known formulas.
Control algorithms are complicated when the effect
of core saturation and temperature change is taken
into account. The main disadvantage of such
methods is their high sensitivity to changes in drive
parameters. Search Control consists in organizing an
iterative online search for the maximum efficiency
point [11-13]. The flux of the stator or rotor is
gradually reduced until the ratio of the measured
output mechanical power to the input electric power
corresponds to the maximum possible value. Search
on-line maximization of efficiency is very attractive
because it is completely insensitive to variations in
drive parameters. However, this method makes high
demands on the accuracy of measuring equipment
over the entire range of changes in speed and torque
load. Its disadvantages also include the complexity
of search iterative algorithms, their influence on the
guality of transients and the high duration of the
search. For these reasons, this method is rarely used
in industrial electric drives.

Hybrid methods also exist that combine the
advantages of two SC and LMC optimization
strategies.

To increase energy efficiency, you can also use
intelligent control methods [14-16] (neural net-

works, fuzzy logic, etc.). The disadvantage of these
methods is that in the synthesis of control
algorithms, many decisions are made intuitively.
Thus, the simplest methods for minimizing losses
are methods based on their mathematical models. A
lot of works has been devoted to their synthesis and
analysis. However, they focus on work with rotation
speed to nominal value speed control systems.
Moreover, sometimes the improvement in energy
performance is accompanied with deterioration in
the quality of transients. Nevertheless, the regulation
of speed above the nominal value due to the
weakening of the field is widely used in electric
drive systems, in which, with increasing speed,
torque load can be reduced. This applies to electric
transport drives, hoisting mechanisms, machine feed
drives, roll drives of crimping rolling mills. For all
the above examples, energy saving is an urgent
issue.

The purpose of the article. The aim of this
work is to develop a system for controlling the speed
of induction motor with field weakening as part of a
vector field-oriented control (FOC) system, which
would minimize losses in the motor windings and
magnetic circuit in a steady state without degrading
the quality of transients.

Main part. Derivation of optimal control
laws. To describe energy and transient processes in
vector-controlled IM, it is convenient to use a math-
ematical description of the drive in a rotating or-
thogonal coordinate system do, oriented along the
rotor flux vector [17]:

(rsrs + 1),

sd’ ‘sr

Ugg +ﬁ‘1’r + o0l =1,R
T

Uy, — @0l iy — 2,0k Y, =i R, (z,5+1)
Lmisd = \Pr (Trs +1)’
i, . )
@, = Oy, + O, = kR, ?r+ P,
T, =k Wiy, ,
T.-T, =Jws,

where: s — Laplace operator; T, — electromagnetic
torque; T, — load torque; iy, iy, «q — flow-
(d) and torque- (g) orthogonal components of the
stator current and voltage, respectively; y, — rotor
flux amplitude; Rg,R,— active stator and rotor re-
sistances; Lg,L,,L, — inductors of the stator, rotor
and magnetization; p — the number of pole pairs ;
=L /R, rotor electromagnetic constant;
k;=3pk,/2 — torque coefficient; k,=L,,/L, — rotor

Uy, U
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magnetic coupling coefficient; J — moment of iner-
tia, w, — rotation speed of the coordinate system;

Ogip =K Ryl /vy absolute rotor slipping ;
o, o, =z, — electric and mechanical rotor angular
speeds;
2
Rsr:Rs"'kr Rr v Tor :GLs/Rsr )
2 (6)

m .
LS I_I’

o=1-

To solve the optimal control problem formulat-
ed above, we express the losses in copper and in
core as the orthogonal components of the signals in
the dq system.

Then by substitution into equation (3) the ex-
pression

2 =2 :2 -2 =2 =2
g =15 gy =1y +1y (7)
as a result
P —3[R 2 2y R (2 12 ]
A Cu _E s(lsdlesq)+ r(lrd +Irq) ' (8)

To reduce the number of variables in (8), we
express the components of the currents can see be-
low the flux of the rotor y, and torqueT,. To do

this, we write the equations connecting the currents
and flux in the steady state:

l// I—mlsd’
Wig = Lol +L =0, ,
l// - I—mlsd +Lrird :l//r’
where:
:\Vr/Lm' (9)
g = —Kiiggsdg =0. (10)

Then by substitution (10) into equation (8), we
get rid of the equation for calculating copper losses
from rotor currents:

3 o . .
AI:)Cu ZE[RS ('szd +|32q)+kr2Rr| ] [Rslsd +Rsr sq] (11)

From the equation of torque (see system (5)), it
follows:

Te

i .
kT\Vr

sq = (12)

Given (9) and (12), equation (11) takes the form:

AP, (13)

3 2 T 2
=2IR| Y| 4Ry | ——| |.
2 L krw,

Let us carry out similar transformations of the
equation for losses in core (4). First, we find the am-
plitude of the magnetization current and its projec-
tion on the d and g axes:

im :is+ir' imd :isd mq =(1_kr)isq'
and then the orthogonal components of the magneti-
zation flux and its amplitude, which appears in equa-
tion (4):

Wmd=Lmima =Lmlsa =Wr ,

. . T
quszlmq:errclsq:errc—e'
Kry, (14)
T 2
w%=w?nd+w2mq=w?+kfﬁ{ ],
kT\Vr
where L., =L, —L, — the induction of rotor scatter-
ing flux.
After substitution (14) into (4) we have:
. yrt
APFeZE (kec(’)g"'khme) K2L2 ( Te Jz (15)
° kT\Vr

Summing up the losses (13) and (15), we obtain
the function to be minimized when solving the prob-
lem of energy-efficient control:

2
Vr Ry + L2 Koo 2 + L2 ko) +
3| Ly,
+ 2e > [Rsr"'krzl-?c(kecwg"'kh@e)]
k
TVr

We denote
Ry ((De)ZRs + Lﬁ‘u (kec(")g +kh(De) )

Ry (0¢)=Ry +kr2L%c(kecm§ +Kpoe) .

(16)
(17)

Given these notations

3w T2

AP, = 'R +—%2 R, (o 18
z Z(Lm ( e) k—?\l] ( e)J ( )
To minimize function (18), we differentiate it

with respect to the flux of the rotor and equate the
resulting derivative to zero.
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dAPRy i T2
—==3 SR (0,)——*=R, (®,) [=0. 19
dy, (I Zn e szwf YR (19)

The solution of equation (19) regarding the ro-
tor flux gives the following result:

T.Ly /Ry(coe)
kT Rx ((De)
Then by substitution (20) into equation (18), we
find the minimum loss:

3T,
PZminz—Le\/ Ry ((De)'Ry((De) .

I(Tm

Yropt™= (20)

(21)

Using equations (9), (12) and (20), we also de-
termine the optimal expressions for the stator current
components along the d axis and q axis and their
ratio:

. T, |Ry()

_ | Te , 22
Isdopt \/kpkrl—m Rx ((De) ( )
P _ Te Rx (C‘)e)

Isqopt kperm Ry ((De) ' (23)

i [Ry(o0) o0

isq Ry ((De)

The system efficiency without taking into ac-
count mechanical losses and losses in the converter
can be calculated by the formula

T,

Torh @)

The last expression has a maximum when

P, =R, (21). Then by substitution (21) into (25),
we obtain:
ok L
Mmax = e (26)

(DkT I-m +3\/Rx ((De)'Ry((De) .

It follows from (26) that, in an optimized sys-
tem, the efficiency in the steady state does not de-
pend on the magnitude of the torque. Fig. 2 shows
the graphs of the dependencies of the torque

Vo (T,) for different speed valuesw,, and Fig. 3

show the graphs v, (®,) for different torque val-

uesT,.

The rotor flux linkage values in the graphs of
Fig. 2 and Fig. 3 are limited from above at the level
of the gearbox in idle mode. From the analysis of the
graphs it follows that in order to minimize losses;
the rotor flux linkage should be reduced with a de-
crease in torque and with an increase in speed. Table
1 shows the parameters of the investigated IM

Fig. 2. Curves of dependency optimal rotor
flux on torque

Fig. 3. Curves of dependency optimal rotor flux on
the electric speed of rotor
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Table. Data of the motor 4A80B2VY3

Parameter Values Parameter | Values
P, 2,2 kW R, 3,54 Q
Usn lin 380 V rms R, 2,28 Q
(. 4,6 4 Lo 0,008 H
Ten 7,4 Nm Lo 0,013 H
Js 0,0042 kg m? L, 0,407 H
p 1 n 0,83

o, 297 rad/s Kec 0,0005 Q1

Yo 0,97 Wb K, 0,03H1

Implementation of optimal control laws

A typical solution to the implementation of the
laws of energy-optimal control is represented by a
block diagram in Fig. 4, which is based on the use of
equations (22) - (24) taking into account expressions
(16), (17).

In this scheme, “Speed Slew Rate Limiter” is
the speed generator for closed speed loop. Speed
controller generate a reference torque 7., and then
stator current references isq” u isq” are formed from
this signal. Given that the square root can be extract-
ed only from positive numbers, as well as the fact
that is; must change the sign when the sign of the
torque changes while the current isq is constantly
positive, equations (22), (23) need to be changed a
little:

. | [Ry(@,) 27
sdopt I(pkrl-m Rx(@e) ,
* Te* R ((De) *
i = X -sign(T. ) . 28
Isgopt \/kperm Ry(me) sign(T, ) (28)

kpe [ 2

In this form, they are used in the system in
Fig. 4.

The disadvantage of this system is the uncon-
trolled change in the gain of the speed control loop
during the formation of the stator current along the q
axis, as well as the motor starting at zero flux, which
together leads to a significant deterioration in the
quality of transients compared to a conventional vec-
tor control system [18].

We eliminated this disadvantage by generating
the rotor flux as a function of torque and speed ac-
cording to the formula (20). Such a work with rota-
tion speed to nominal value speed control system is
shown in Fig. 5 [18].

In the diagram of Fig. 5, the reference flux link-
age of the rotor can be formed both as a function of
torque and speed, and independently of them (at a
speed close to zero), which makes it possible to sep-
arate magnetization-demagnetization modes of the
motor and speed control. In addition, the gain of the
speed controller adapts to the change in flux of the
rotor, which makes it possible to maintain a high
quality of transients throughout the entire range of
changes in speed and torque.

When implementing energy-efficient control in
the field weakening mode the additional problem
arises because the rotor flux in such a system con-
trols not only the energy characteristics.

Therefore, in the start-brake modes, it is neces-
sary to control the flux according to one algorithm,
and when the torque changes at a steady speed, it
should be done in a different way. To implement this
idea, it is proposed to generate the reference rotor
speed o*and reference flux linkage y,* in accord-

ance with the block diagram in Fig. 6.

k -

yX

‘(D i Te‘ 1
- | e kr Ly

Speed Speed
Slew Rate Controller
Limiter

Xy ’ R +Kec Lfnoog P
RST +keckr2 L%G(DEZ}
o 1 isd‘ Lm Yr
Tl s+l T,5+1 @
: -7 (Dslip
ig - Closed g Rk
Loop o o
r
. y TL p
1 ISQ[_‘ k Te . O]
> X O — >
T;is+1 \——'4 Js

Fig. 4. Structural diagram of an energy-efficient control system in constant torque region
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i — plt /t
« Swicth . r v
\IIFC * i\lfro 1 * S . v
—p | |
PRGN N S A S R TN RN S
—>te — t,s L, T;S+1 T,5+1
Y ropt — - iq - Closed
Flux Slew Rate Limiter Flux-Current Loop
“ || Transformation
o
abs > 2 2
kyX 4 Rsr+keckr chme
l Rs+kec|—r2n“)§

A7 Al [

Flux 106 Y sqrt abs

. _ g r
Limiter —» max Rk S 'p>()<_| :|<__.

Torque
Limiter 7|£ l T
o, o |k ig [ 1 ]]is 7. Y- ®
—p =T ML q> Ky ol L 4n
- |, T;s+1 Js
Speed ——— iq - Closed
Speed 4
Sle_vv R ate Controller Loop
Limiter

Fig. 5. Structural diagram of an energy-efficient control system
in constant torque region with pre-magnetization IM

Reference-input Structure (RIS) -
., 3 Wropt
1 T8 Ts *
g el Tty L
en abs € /

_> .
N Logic eq.
iTsO \VI’O

—%

Swicth

_*
(O]

0):, T: 1 * 1| & — \J

Speed Slew Rate Limiter

Fig. 6. The structural diagram for generating of the reference speed and reference flux linkage

The “Switch” block is controlled by the signals  where £<<1 — the small number, the upper channel
of the reference dynamic torque T: and reference  of “Switch” works, i.e. the rotor flux linkage con-
speed . The switching condition forms a “Logic  trols the amount of efficiency (v, =y n(Te,®)).

Expression” block. If Otherwise, the lower channel of “Switch” works,
(T <g)&(‘@*‘>g) , and this flux controls the speed
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*

* v
Yr=Vro= 0

max(|o |,1) '

Blocks “Norm1” and “Norm2” move reference dy-
namic torque and reference speed from S units T, ,

s (30)
)

o to p.u. units 'F;, @ . Block “Divide” forms ref-

erence flux linkage for speed control due to field
weakening, and block “Max” prevents this operation
if the reference speed does not exceed the synchro-
nous motor speed.

The range of operation of the efficiency maxi-
mization algorithm in field-weakening mode for
control system is limited by the maximum possible
value of the flux necessary to work out a given
speed. Therefore, the rotor flow restriction link is
constant . =W,o=const in the system where IM

work with nominal rotation speed using the control
system which show on the Fig. 5 when system with
field-weakening mode must be replaced by a link
with  “Dynamic  flux  limiter” block  at

Yrmax=Vreo=Var .
The block of “Torque Limiter” in the system with
field-weakening mode should also be dynamic be-

cause speed regulation in the field weakening occurs
with constant power:

T

— mc ]
max(|o 1)

Taking into account the above features, a vari-
ant of the structural scheme with switching algo-
rithms for controlling the rotor flux with field weak-
ening mode speed control system. The resulting sys-
tem is shown in in Fig. 7.

Let us carry out a simulation of this system and
compare them with the results of modeling a typical
work in field weakening mode system without loss
minimization elements.

Fig. 8, Fig. 9 and Fig. 10 shows the transients in
a typical system (a) and in the developed optimal
control system (b).

All signals on the graphs are presented in rela-

units: =/, , Te =T/ Ten » Wy =V, /W10 »

(31)

max

tive
iy =ig /ign, Ug=Ug/Ug,.

Fig. 8 shows the speed, torque, flux of the rotor
and efficiency, Fig. 9 — the amplitude of the stator
current and its components in the rotor reference
frame dq, and Fig. 10 — the amplitude of the stator
voltage and its components in this reference frame.
Stator currents and voltages in the stationary refer-

ence frame af in the compared systems are shown in
Fig. 11 and Fig. 12, respectively.

T /1,
i\l/:o * Lk R
_.El » i WLO_» i ISd‘ l Isd‘ Lm \VL
x i_ t,s L Tis+1 T,5+1
Yy !

. —F ig - Closed
o |Reference] = Flux Slew Rate Limiter Flux- urrept Loop
Zpl nput e Transformation

Structure [ ¢

— 2,2 2
A kyx 4 Ryr +KecKr Lrs0g
R, +keo L2, 002
\Il* t L L
_2- e {T e
Flux 106 _Y sqrt abs
Limiter
max R k
Y
o+ ' n
JkT / I:q 1 isq T, — @
e = 4’[X } > X k £ - >
- | Te T;is+1 Js
b ~ d iy - Closed
Speed lg
Tmay S > Controller Loop
~

Fig. 7. The structural diagram of an energy-efficient system
for IM with variation of rotor flux
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A comparative analysis of the presented graphs
shows that in a typical system the efficiency at low
torque load decreases, and in the energy-optimal one
it remains constant. In this case, the quality of tran-
sients of the torque and motor speed does not deteri-
orate (Fig. 8).

As can be seen from Fig. 8b, in the acceleration
and braking diapason, the change in the rotor flux
occurs as in the standard system, provides a linear
change in speed to a predetermined value and in the
sections of the static torque change, it ensures stabi-
lization of efficiency at low torque load. With in-
creasing torque load, the rotor flux does not exceed
the level corresponding to a given speed.

In both systems, the torque-forming component
has a predominant effect on the amplitude of the sta-
tor current. Its behavior in the energy-efficient sys-
tem has changed significantly: it is characterized by
the presence of peak surges in areas of sharp chang-
es in torque with a weakened field of the IM.

As for the voltage amplitude of the stator, in an
energy-efficient system it decreases significantly in
areas where additional attenuation of the field occurs
with a decrease in torque load.

The advantage of the system is the possibility
of increasing the efficiency during operation of the
electric drive system, not only in the torque constant
region of speed contrgl, as is proposed iq most pri-

1t

mary sources, but also in the field weakening, in
which the core losses become significant in relation
to total losses.

The disadvantage of the studied system, as well as
all energy-optimal systems based on loss models, is
their high sensitivity to parameter changes and the
uncertainty of the coefficients k., and k;, in formu-
las for core loss. It is known that these coefficients
can be expressed in terms of fictitious resistance.
Recand dummy inductance L, which should be
included in the T-shaped equivalent IM circuit in
parallel with the magnetization inductance:

K 1 1

=——, kp=—.
ec Re, h L, (32)

Taking into account the phenomena of eddy
currents and hysteresis significantly complicates the
mathematical model of IM and the study of control

systems using the method of mathematical
modeling. In addition, the parameter values R,. and

L, can only be determined experimentally. There

are techniques for conducting such experiments [19-
20], but the accuracy of the results obtained is not
always satisfactory.
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Fig. 8. Transients in typical (a) and optimal (b) vector control systems
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Fig. 11. Transients of stator currents in a stationary reference frame in typical (a) and optimal (b) systems of
vector control for induction motor
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Fig. 12. Transients of stator voltages in a stationary reference frame
in a typical (a) and optimal (b) vector velocity control systems for induction motor

Conclusions. The article proposes a strategy
for maximizing efficiency in field weakening mode
speed control system based on mathematical models
of losses in copper and core. It is shown that this
method is effective in small torque load.

A structural implementation has been devel-
oped in which the change in rotor flux in dynamic
(start and brake) modes is used to control speed, and
in static ones — to maximize efficiency.

The study of the proposed system was per-
formed by simulation.

From the results of comparing a typical system
of work in field weakening mode control of induc-
tion motor and optimal system, it can be seen that
the work in field weakening mode energy-optimal
system of vector speed control provides the maximi-
zation of efficiency by changing the rotor flux, while
maintaining the high quality of transition of torque
and speed.
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To go into the field-weakening mode for the
speed control, the system ignores the optimal flux
and generates the flux necessary for working out the
given speed. After reaching the steady state, the
drive again switches to energy-efficient control.

It is advisable to use the system under study in
drives with field-weakening control of induction
motors that operate for a long time with light load
torque, for example, in electric vehicles and in elec-
tric drives of hoisting-and-transport mechanisms.

For the practical implementation of this control
system, it is desirable to analyze the duration of op-
erating modes with a constant or slowly changing
torque and apply efficiency optimization only when
the energy loss for controlling the magnetic flux of
the machine is less than the loss for maintaining it at
a constant level.

In hoisting installations, it is possible to include
an energy-optimal strategy when moving an empty
or lightly loaded device.

The disadvantage of the system is the need to
identify loss models parameters.

For a conclusion on the effectiveness of the
proposed electric drive system, it is necessary to de-
velop a software implementation of the control sys-
tem on a digital signal processor and conduct its ex-
perimental research.
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MIHIMI3ALIA BTPAT B CUCTEMI JIBO3OHHOI'O PETI'YJIFOBAHHSA
HMBUIKOCTI ACHHXPOHHOI'O JBUI'YHA

Anomauia. Y cmammi npoananizogani uou 6mpam 8 AcUHXpOHHOMY 0BUSYHI, 8 Pe3VIbIMami 4020 NPUIHAMO PieHHs MIHIMi-
3yeamu HAUbINbWL CYMMESE 3 HUX: 6mpamu 6 0OMOMKAX i 6Mpamu 8 MAeHIMonposoodi 8i0 BUXPOGUX CIPYMIE i 6i0 2icmepe3ucy. Bu-
6€0€HO DIGHAHHA OIS PO3PAXYHK)Y 3HAYEHb NOMOKO3YENIeHHS POMOPA i OPMOSOHANLHUX CKAAO08UX CIPYMY cmamopa y 00epmosiil
cucmemi Koopounam pomopa dq 6 cucmemi 6eKMOPHO20 KePYBAHHSA ACUHXPOHHUM OBUSYHOM 3 YMOBU MIHIMI3ayii cymapHux empam
MIOT [ cmanu 0sueyna 6 cmamuyHomy pedcumi. IIpu 6UCHOBKY He 8paxosanuil eghekm HacuyenHs cmanu. Busnaveno epanuuni 3ua-
YeHHsl eNeKMPOMACHIMHO20 MOMEHMY | WUOKOCMI, NPU AKUX Pe2yII08AHHs NOMOKO3UENIeHH POmopa 30amHe NOTNuUmy eHepee-
MUYHI XapaKmepucmuxu npugoody, He 6Xo0A4U 8 30HY HACUYEHHA Kpueoi namaznivysanns. Ilokazano, wo 0CHOBHOIO CKAAOHICIMIO NPpU
peanizayii eHepeoONMUMATbHO20 KEePYBAHHS CUCIEMOI0 O8030HHO20 6E€KMOPHO20 KePYBAHHS WEUOKICMIO ACUHXPOHHO20 O8USYHA €
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me, W0 NOMOKO3YENIeHHsI POMOPA Kepye He MINbKU eHEPeemUiHUMU NAPAMEempPamu, aie i pe2yito8aHHM WeUOKoCcmi @ Opyaill 30Hi.
3anpononogano cmpykmypHy cxemy peanizayii enepeoonmuManibHo20 KepyeanHs NOMOKO3UeNNeHHs 8 cucmemi 080X-30HHO20 pe2y-
08aHHA wisuoKocmi. 10es nonseae 8 nepemukanti aneopummis Kepy8ants MASHIMHUM NOJeM O8USYHA MAKUM YUHOM, W00 8 NyCcKo-
2aNIbMIBHUX PENHCUMAX NOMOKOIYENIeHHA POMOPA 3MIHI08AN0CA 8 DYHKYIT 3a80aHHA WEUOKOCHI, a npu pobomi Ha cmanii weuoKoc-
mi - 6 QyHKYIT enekmpoMacHimHo20 MOMeHmYy. BUuKoHaHo nopisHANbHULL aHani3 MUnogoi i po3pobnenol enepeoepekmusHoi cucmem
08030HHO20 Pe2yNOBAHHS WUEUOKICIIIO Memo0OM MAMEMAMUYH020 MoOentogants. Ilokazano, wo npu 00HAKO8UX NEPeXiOHUX npoye-
cax eneKmpomMasHimHo20 Momenmy i weuoxocmi ¢ munosii cucmemi KKJ[ 6 cmanux pescumax npu 3meHuieHHi HA8AHMANCEHHA Na-
0ae, a 6 3anponoro8atill cucmemi 3anumaemocs Hesminnum. 3mina KKJJ ¢ Ounamiunux pesicumax 6i00yeacmuvcs npu 3MiHi NOMoK03-
yennenHa pomopa. Ilpu enepzoonmumanvHoMy Kepy8auHi cnocmepicaemubcs 0eaKe 30i1bUeHHs NiKi6 cCIpyMy cmamopa npu pisKii
3MIHI HABGAHMAICEHHS, ale NPU MATUX HABAHMAICEHHAX 000AMKO8e 0CAAOIEeHHS NOSL NPU3BOOUMb 00 3MEHUEHHS! Hanpyeu CMamopa
8 CTNATIOMY PeXHCUMI, W0 NPUBOOUMD 00 ZHUNCEHHS CHOMCUBAHHS e/leKMPOeHep2ii.

Knrwouogi cnosa: enekmponpusoo, acunxpoHHUll O8USYH, PE2YTIO8aHHS WEUOKOCHI, OCIAONeHH s NOJs; NOMOKO3UeNnIeHHs POo-
mopa; OnmuMaibHe KepyeanHs,; MiHiMizayia empam, eHepeoepheKmusHicmy
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MUHUMMU3ALUA IIOTEPb B CUCTEME JIBYX30HHOI'O PEI'YJIMPOBAHUSA
CKOPOCTHU ACUHXPOHHOTI'O IBUI'ATEJIA

Annomayus. B cmamve npoananuzuposanvl 8udbl NOmMepsb 8 ACUHXPOHHOM Oguzamere, 8 pe3yibmame 4e20 NPUHAMO peuleHue
MUHUMUSUPOBAMb HAUbOIee CYWeCmEeHHble U3 HUX. NOMepU 8 0OMOMKAX U NOmepu 8 MAZHUMONPOBoOe 0N GUXPEGLIX MOKO8 U OMm
eucmepesuca. Boigseoenvt ypagnenus ons pacuema 3navenuil ROMOKOCYENIEHUs. pOMOPA U OPMOLOHANbHBIX COCMABIAIOWUX MOKA
cmamopa 80 spawjaroujelics cucmeme KOOpOUHam pomopa dq 6 cucmeme GeKMOPHO20 YNPAGIEHUs ACUHXPOHHbIM Oguzamenem u3
VCN08USL MUHUMUSAYUYU CYMMAPHBIX NOMePb 6 MeOu U cmaiu dgueameist 8 ycmanosusuuemcsi pexcume. Ilpu gvieooe ne yumen a¢-
hexm nacviyenus cmanu. Onpedenenvl epanuiHble 3HAYEHUS JIEKMPOMASHUMHO20 MOMEHMA U CKOPOCIU, NPU KOMOPYIX pe2yaupo-
6aHUe NOMOKOCYENIEHUsI POMOPA CROCOOHO VIYHWUMb dHEP2emUuYecKue XapaKkmepucmuk npueood, He 6X00si 8 30HY HACHIUeHUs
Kpusotll HamacHuuusanus. Ilokazano, 4mo OCHOBHOU CIONCHOCIbIO NPU Peanu3ayuu dHepeeonmuMaibHO20 YRPAGIEHU CUCTNEMOLL
08YX30HHO20 8EKMOPHO20 YNPAGIEHUS CKOPOCMbIO ACUHXPOHHO20 08USAMENA AGNAEHCA MO, YO NOMOKOCYenieHue pomopa ynpag-
JIlem He MOJbKO SHEPeemUudecKumMu napamempami, Ho u pe2yiuposanuem cKopocmu 60 émopotii 3one. IIpeodnosicena cmpykmypHas
cXema peanu3ayuu SHepPeOONMUMAIbHO20 YNPAGLeHUs NOMOKOCYENIeHUEeM 6 cucmeme 08YX30HHO20 pe2yiuposanus ckopocmu. Hoes
cocmoum 6 nepexnioueHuY aneopummo8 YnpasieHus MasHUmMHbIM noaemM 08uzamens Makum 00pasom, 4moobsl 8 nycKO-mopMO3HbIX
pedcUMax nomoKoCyenyieHue pomopa UsMeHsAI0Ch 8 QYHKYUuu 3a0aHusl Ha CKOpOCMb, a npu pabome HA YCMAHOBUBULENICS CKOPOCMU
— 8 QQYHKYUU SeKMPOMASHUMHO2O0 MOMEHMA. Buinoanen cpagnumenstulil aHaIu3 Munogoil u papabomanHol sHep2oIpdekmusnou
cucmem 08YX30HHO20 pPe2yIUpO8anUs CKOPOCU MemoO0OM MAmemMamuyecko2o mooenupoganus. I[lokasano, umo npu 0OUHAKOBbIX
NepexooHbIX npoyeccax dNeKMpoMAaAsHUMHO20 MOMeHma u ckopocmu 6 munosou cucmeme KII/ 6 ycmanosuswiuxca pexcumax npu
VMEHbUEHUY HA2PY3KU nadaem, a 8 npediodiCeHHOl cucmeme ocmaemcs HeusmenHviMm. Msmenenue KII/] 6 ounamuyeckux pescumax
NPOUCX00UM NPU USMEHEeHUU NOMOKOCYeneHus pomopa. IIpu sHepeoonmumaibHoM ynpasieHuu Habno0aemcs HeKkomopoe ygeiue-
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HUe nuKoe moka cmamopa npu CKa’{K006p(13HOM U3BMEHEeHUU HACPY3KU, HO nPpU MAjlblX HACPY3KAX dobasounoe ocnabnenue nos npu-
800um K YMEHbUWICHUIO HANPAJICEeHUsl cmamopa 6 YCMAaHOBUBUIEeMCS pedtcume, 4mo npueodum K CHUMCEeHUIO nompe6ﬂenu}z 2/1eKmp o-

JHepeuu.
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